Abstract. In this paper, internal heat transfer process of vanadium titano-magnetite concentrate carbon-containing pellets was analyzed in direct reduction at different temperatures. The thermal conductivity of vanadium-titanium magnetite carbon-containing pellets at different temperatures were determined under the condition of optimal process parameters taken from previous works. XRD was used to examine the phases of various products at different temperatures in direct reduction. Experimental results revealed that change in thermal conductivity of vanadium titano-magnetite concentrate was roughly the same as the common iron ore concentrate. The measured values of the thermal conductivity were consistent with the changing trend of the theoretical thermal conductivity. The thermal conductivity change within 0.06~0.12 W/m˚C in the temperature range of 300˚C-1150˚C. The thermal conductivity increase very rapidly when temperature exceeds 1000˚C． Vanadium titano-magnetite is an important ore, which contains diverse rare metals, such as vanadium, titanium, and iron and so on. Therefore, it is essential to know, how to make use of these ore. Traditionally, blast furnace was used to smelt vanadium titano-magnetite. Recently, the rapid development of direct reduction process formed enormous new direct reduction process, such as Fastmet, Krupp-Codir, and Comet and so on, because the flaw of blast furnace affects both economical and environment aspects [1] [2] [3] [4] [5] . Vanadium titano-magnetite concentrate is used to smelt hot metal and titanium slag. Vanadium titano-magnetite concentrate carbon-containing pellet for iron making is one of the new processes for smelting vanadium titano-magnetite concentrate. So far, a number of works for the study of vanadium titano-magnetite concentrate carbon-containing pellets for iron making were conducted by researchers all over the world [6] [7] [8] . It is said that vanadium titano-magnetite in China is different from other countries, and it is extremely hard to deal with this kind ore [9, 10] . According to enormous investigation on vanadium titano-magnetite concentrate, carbon-containing pellets were studied by numerous researchers in china, and it was found that almost all of them focused on investigation of direct reduction of the vanadium tiano-magnetite concentrate [11] [12] [13] . However, the investigation on thermal conductivity of vanadium titano-magnetite concentrate carbon-containing was not conducted by them. And it is extremely important to understand the internal heat transfer of pellets with the variation of external circumstances. Therefore, it is very important to improve parameters of process in valid time.
. Vanadium titano-magnetite concentrate is used to smelt hot metal and titanium slag. Vanadium titano-magnetite concentrate carbon-containing pellet for iron making is one of the new processes for smelting vanadium titano-magnetite concentrate. So far, a number of works for the study of vanadium titano-magnetite concentrate carbon-containing pellets for iron making were conducted by researchers all over the world [6] [7] [8] . It is said that vanadium titano-magnetite in China is different from other countries, and it is extremely hard to deal with this kind ore [9, 10] . According to enormous investigation on vanadium titano-magnetite concentrate, carbon-containing pellets were studied by numerous researchers in china, and it was found that almost all of them focused on investigation of direct reduction of the vanadium tiano-magnetite concentrate [11] [12] [13] . However, the investigation on thermal conductivity of vanadium titano-magnetite concentrate carbon-containing was not conducted by them. And it is extremely important to understand the internal heat transfer of pellets with the variation of external circumstances. Therefore, it is very important to improve parameters of process in valid time.
The heat transfer performance of vanadium titano-magnetite carbon-containing pellets in direct reduction is represented by its thermal conductivity. So, in this paper, internal heat transfer process of vanadium titano-magnetite carbon-containing pellets was analyzed, and experiments for determining thermal conductivity of vanadium-titanium magnetite carbon-containing pellets at different temperature were conducted. After the experimental and theoretical analysis, change law of thermal conductivity for vanadium titano-magnetite carbon-containing pellets in direct reduction was acquired.
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Experiment

Raw materials
Vanadium titano-magnetite (provided by Huili in Sichuan Province, China) was used as raw materials. The chemical composition and particle sizes of the raw materials are given in Table 1 and  Table 2，respectively . PVA and bituminous coal were used as the binder and reductant, respectively. The chemical compositions and particle sizes of PVA and bituminous coal are given in Table 3 and  Table 4 , respectively. Testing samples were composed of vanadium titano-magnetite, PVA, and bituminous coal. Figure 1 shows the test system for thermal conductivity of the sample in this study. 
Experiment apparatus
Experimental procedure
Sample preparation Process parameter in this experiment is one of the optimal process parameters, and the process parameter has been chosen from previous work [14] . Vanadium titano-magnetite concentrate obtained by drying, grinding and sieving. Pulverized coal was weighed according to the mass ratio of 4:1. Vanadium titano-magnetite concentrate and Pulverized coal were mixed well. Then, adding proper amount of binder PVA with concentration of 10% and water to the mixture. The amount of PVA and water which were added to the mixture were calculated according to the formulas [1] and [2] . The ratio of raw material is given in Table 5 . After mixing the raw materials, bulk samples were obtained by DDJ-50 type electro-hydraulic system at pressure of 10Mpa. Moreover, the sample were put into drying cabinet for drying under isothermal condition of 120˚C for 4 hours. After drying, the weight and thickness of the sample was measured. Finally, the sample was putted into the DRS-type thermal Ⅲ conductivity tester in order to test its comprehensive thermal conductivity.
Where, M PVA is the mass of PVA, g; M O is the mass of vanadium titano-magnetite concentrate, g; M C is the mass of coal, g; M PVA is the mass of PVA, g; M H2O is the mass of H 2 O, g; and C PVA is the concentration of PVA, %. Testing for thermal conductivity of sample There is not a facility used for testing the pellet's thermal conductivity. However, according to reference [15] , it can be concluded that, with the same ratio of the raw materials, and external circumstance, diverse shapes of samples have the same thermal conductivity. Therefore, spherical sample was replaced by bulk sample in this experiment as shown in Figure 2 . Fig.2 The experimental procedure in this study
Results and Discussion
Results
The diverse thermal conductivities of the sample with variation of temperature were obtained by experiment, which were repeated three times. Figure 3 shows the relationship between the diverse thermal conductivities of the sample and variation of temperature and results of three sets of repeated experiments were obtained. And errors among the three times repeated experiments were indexed by using error bars, as shown in Figure 3 .
Fig.3 The relationship between diverse thermal conductivities of the sample and variation of temperature Discussion
The change trend of thermal conductivity of common iron ore concentrate The main direction reduction of iron oxides by coal are shown in Table 7 . When temperature is lower than 570˚C, the reduction of iron oxides conforms to formulas (2) and (3). When the temperature is higher than 570˚C, the reduction of iron oxides conforms to formulas (2), (3) and (4). Part of carbon oxides released from both the volatile and chemical reactions with iron ore, react with carbon in the coal to produce more carbon monoxide via the Boudouard reaction (1). The phase equilibrium diagram of iron oxides reduced by coal is shown in Figure 4 . Table 6 thermodynamics on reduction of iron oxides by coal [16] Numbers 
Fig. 4 Phase equilibrium diagram of iron oxides reduced by coal
So, direct reduction of the common iron ore concentrate will go through direct reduction of four stages as follows:
Fe 2 O 3 →Fe 3 O 4 →FeO→Fe Effects of varying temperature on thermal conductivity of metallic iron and iron-oxides can be seen from the Figure 5 [17, 18] , and it may be deduced as follows: ① Different iron-oxides have different thermal conductivity. ②The thermal conductivity of iron-oxides decline over time with increasing temperature. ③ The metallic iron of thermal conductivity is far beyond the iron-oxides. ④ The total thermal conductivity increase over time with the direct reduction of iron ore concentrate proceeding.
Fig.5 Effects of varying temperature on thermal conductivity of metallic iron and iron-oxides
The change trend of thermal conductivity of vanadium titano-magnetite concentrate Direct reduction progress of vanadium titano-magnetite concentrate is mainly combined two steps of direct reduction progress which contains the reduction of the iron oxides and iron-titanium oxides. The main reduction of iron oxides is the same as direct reduction of the common iron ore concentrate. The main reduction of iron-titanium oxides by C and CO is shown in Table 8 and Table 9 , respectively. Figure 6 shows the △G θ of the iron oxides and ilmenite reduced by C with increasing temperature. Figure 7 shows the Phase equilibrium diagram of iron oxides and ilmenite reduced by CO. 190900-161T 209000-168T 213000-171T 252600-177T 185000-155T 182500-127T 304600-173T Table 9 Thermodynamics on reduction of ilmenite by CO [18] Numbers Reaction Fig.6 Gθ of the iron oxides and ilmenite reduced by C with increase of temperature Fig.7 Phase equilibrium diagram of iron oxides and ilmenite reduced by CO In the temperature range of 1000˚C-1150˚C，△G θ of reaction equation (6) to (12) are greater than △ zero, thus, theoretically, these reactions were not be happened. At the same temperature range, G θ of reaction equation (2), (3), (4), (13) and (14) are less than zero, so, theoretically, these reactions should happened.
In order to observe the reduction products in the temperature range of 800 -1200˚C, the starting temperature of 800˚C was chosen, which was used for phase analysis by XRD, as shown in Fig. 8 [12] .
Fig.8 Phase analysis for reduction products by XRD
So, direct reduction progress of vanadium titano-magnetite concentrate is mainly combined two steps of direct reduction progress in the temperature range of 300 -1150˚C as follows [20] :
As can be seen from the two direct reduction progresses, Figure 3 and Figure 5 , it may be deduced that the thermal conductivity of vanadium titano-magnetite concentrate is roughly same as the common iron ore concentrate with the increase of temperature. But the direct reduction progress of vanadium titano-magnetite concentrate is much more different and complex than the common iron ore concentrate. Figure 3 shows that change in thermal conductivity of vanadium titano-magnetite concentrate increases slowly (0.06~0.12 W/m˚C) with in temperature range of 300 -1000 ˚C. It may be caused by the small changes of the thermal conductivity of different reduction products. When the temperature is higher than 1000˚C, the thermal conductivity raise sharply. It may generate enormous metallic iron, because the thermal conductivity of metallic iron is far more than the iron-oxides.
Conclusions
Following conclusions can be drawn from above conducted experiment.
(1) The change in law of thermal conductivity of vanadium titano-magnetite concentrate in direct reduction was roughly the same as the common iron ore concentrate.
(2) Thermal conductivity of vanadium titano-magnetite concentrate at different temperature in direct conduction was determined. It was found that thermal conductivity of vanadium-titanium magnetite carbon-containing pellets increase with increasing temperature.
The measured values of the thermal conductivity roughly conform to the change trend of the thermal conductivity of theoretical analysis. The thermal conductivity change within (0.06~0.12 W/m˚C) in the temperature range of 300˚C-1000˚C. When the temperature is higher than 1000˚C, the thermal conductivity increase very rapidly． Foundation Item: Item Sponsored by National Natural Science Foundation of China (51174122)
